The mechanism by which endogenous cessation of coleoptile elongation after emergence of the primary leaf is brought about was investigated in rye seedlings {Secale cereale L.) that were either grown in darkness or irradiated with continuous white light. In 3-d-old etiolated (growing) coleoptiles a turgor pressure of 0.59 MPa was measured. In 6-d-old coleoptiles, which had ceased to elongate, cell turgor was 0.51 MPa and thus only 13% lower than in the rapidly growing organ. Hence, the driving force for growth (turgor) is largely maintained. Cell-wall plasticity (£",) and elasticity (£ al ) were determined with a constantload extensiometer both in vivo (turgid coleoptile segments) and in vitro (frozen-thawed samples). Cessation of coleoptile elongation was correlated with a 95% reduction in £ pl , whereas £., was only slightly affected. Extension kinetics were measured with living and frozen-thawed segments cut from growing and non-growing coleoptiles. The corresponding stress-strain (load-extension) curves indicate that the cell wall of the growing coleoptile behaves like an elastic-plastic material whereas that of the nongrowing organ shows the behaviour of an elastic solid. These data demonstate that £ pl represents a true plastic (irreversible) deformation of the cell wall. It is concluded that cessation of coleoptile growth after emergence of the primary leaf is attributable to a loss of cell-wall plasticity. Hence, a mechanical stiffening of the cell wall and not a loss of turgor pressure may be responsible for the deceleration of cell elongation in the rye coleoptile.
Introduction
proposed that the rate at which axial plant organs elongate is determined by the plastic extensibility of their growth-controlling lateral cell walls. According to this plasticity theory of wall expansion, turgor pressure provides the driving force for cell enlargement, which is due to water uptake and simultaneous irreversible (plastic) deformation of the cell wall (Lockhart, 1965) . Cell elongation is an active process that requires respiration and continuous protein synthesis. The term 'extensibility' was denned by Heyn (1931 Heyn ( , 1940 as the ability of the wall to undergo changes in length. Accordingly, plastic extensibility (plasticity, E pl ) is the ability to extend irreversibly, whereas elastic extensibility (elasticity, £ e) ) denotes the capacity for reversible enlargement. These classical definitions are based on a simple experimental technique for determination of cell-wall mechanical properties. Stem segments are subjected to a constant stress (load) and the subsequent extension (deformation) is recorded. After removal of the load E cl and E pi can be determined (Kutschera, 1991) .
In a recent review Cosgrove (1993) concluded that there are various meanings of the term 'extensibility', due to the fact that many different techniques are available for experimental determination of this parameter. Moreover, Cosgrove (1993) pointed out that the question of whether or not E pi represents a true plastic deformation is open. Experiments with frozen-thawed maize coleoptile segments led to the conclusion that the auxin-induced increase in wall plasticity (Heyn, 1940; Kutschera and Schopfer, 1986a, b) is due to a change in the visco-elastic rather than the plastic properties of the cell wall Schopfer, 1992, 1995) .These results are in conflict with the plasticity theory of cell-wall expansion (Heyn, 1931 (Heyn, , 1940 Lockhart, 1965 Lockhart, , 1967 Cleland 1971 Cleland , 1981 Taiz, 1984; Masuda, 1990; Niklas, 1992; Tomos and Pritchard, 1994) .
In order to resolve this controversy it is necessary to use precise definitions of the terms introduced above. According to Vincent (1990) one can distinguish between four different polymeric materials, which are characterized by the stress-strain (load-extension) curves depicted in Fig. 1 . The specimens (e.g. longitudinal pieces of the corresponding material) are loaded by application of an increasing stress (force per unit cross-sectional area). The resulting strain or deformation (increase in length per unit starting length) is plotted against the applied stress. After unloading, the elastic material (Fig. 1A) will return to its initial length. A plastic material does not show an elastic contraction after the applied stress has been removed ( Fig. IB) , i.e. an irreversible strain remains. In many biomaterials a combination of elasticity and plasticity can be observed (Fig. 1C) , i.e. on removal of the load part of the deformation is irreversible (plastic). A visco-elastic material will return to its original length after unloading (Fig. 1D) . Hence, it behaves like an elastic material, although it takes some time until the initial shape is reached after any applied force has been removed (viscous behaviour) (Vincent, 1990; Niklas, 1992) .
Recent studies with dark-grown rye seedlings have shown that cessation of coleoptile elongation, which is initiated by the emergence of the primary leaf, is due to a corresponding decline in the rate of cell elongation (Frohlich et cil., 1994; Frohlich and Kutschera, 1995) . This process occurs in complete darkness and can be accelerated by irradiation of the seedlings with white light (WL) (Fig. 2) . The aim of this study was first to test whether cessation of cell elongation is accompanied by changes in cell-wall plasticity and turgor pressure. In the next step stress-stain curves of growing and non-growing coleoptiles were determined in order to elucidate whether the cell walls behave like an elastic-plastic or a visco- elastic material. Because recent studies were carried out exclusively with killed organ segments (Cosgrove, 1993) , these experiments were performed with living (turgid) and frozen-thawed (non-turgid) coleoptiles.
Materials and methods
Rye caryopses (Secale cereale L. cv. Marder II) were germinated and grown in moist vermiculite (darkness, 25 °C) as described by Kutschera and FrShlich (1992) . At day 3 after sowing some seedling trays were placed into an irradiated growth chamber (continuous WL, approximately 100/j.mol quanta m~2 s" 1 at plant level, 25 °C); the remaining seedlings were left in darkness as controls.
Cell-wall extensibilities and the extension kinetics (stressstrain curves) were determined with a custom-built constant load-extensiometer as described by Kutschera (1991) . Segments, 17 mm in length, were cut from the subapical region (3 mm below the tip) of the coleoptiles. The enclosed primary leaves were removed with a needle. Living (turgid) segments were placed between the clamps of the extensiometer (distance: 10 mm) immediately after harvest. After addition of distilled water the elongation of the coleoptile segment was recorded for 1 min. Thereafter the segment was stretched by application of a load of 5 g (extensibility measurements) or step-wise loaded by weights of 2/4/6/8/10 g (extension kinetics). A load of 10 g corresponds to a force of 0.098 N. After removal of the load(s) plastic (£pi) and elastic (E el ) in vivo extensibility (Fig. 3) or the extension kinetics (Fig. 6) , respectively, were obtained. In all trials corresponding control experiments were carried out (elongation without application of a weight).
For determination of in vitro extensibility segments, 17 mm in length, were cut and the primary leaves removed. In order to remove turgor pressure the segments were frozen (-20 °C) and thawed (10 min, 25 °C). The residual cell sap in the tissue was removed by pressing the specimens for 2 min. Thereafter, the limp coleoptile segment (= isolated cell wall) was fixed between the clamps of the extensiometer. After addition of distilled water (pH~5.5) the change in length was recorded. In order to maintain a constant initial length it was necessary to apply a load of 0.2 g to the frozen-thawed coleoptile segment. Under these conditions neither shrinkage nor extension occurred. Cell-wall extensibilities (E ch E pl ) and extension kinetics in vitro were determined as described above. For determination of turgor pressure segments, 5 mm in length, were cut from the subapical region of the coleoptiles. They were placed into a plexiglas holder and water was added. Within the next 3 min turgor pressures of individual cells in the mesophyll of the coleoptile cylinder were measured with the miniaturized pressure probe as described by Kutschera and KShler(1992) .
Results

Growth measurements
The experiments described in this report were carried out with 3-d-old etiolated rye seedlings that were either left in darkness or irradiated with continuous WL for the subsequent 4 d. Figure 2A shows that under the growing conditions used here (25 °C, 100% RH) droplets of water are released from the tips of the coleoptiles. This guttation also occurred after emergence of the primary leaves (irradiated seedlings, Fig. 2B ). These observations indicate that the water in the xylem vessels is under positive pressure, which is generated in the growing roots of the seedling (root pressure). The growth rate in the subapical region of 3-d-old etiolated coleoptiles was determined by marking the 10 mm intervals starting 5 mm below the tips with black ink. The length increments over the subsequent 8 h of growth in darkness were measured with a ruler. obtained. After emergence of the primary leaf the growth rate in the subapical region of the coleoptile was zero. Figure 3A shows that excised coleoptile segments from 3-d-old etiolated rye seedlings continue to elongate after they have been placed between the clamps of the extensiometer (distance: 10 mm) and incubated in pure water (without application of a weight). This endogenous segment elongation, which continued for at least 12 min after excision (Fig. 4A) , was almost identical with the growth rate in situ (0.57 mm h" 1 versus 0.60mm h" 1 ). Excised segments from 6-d-old (non-growing) coleoptiles did not elongate under identical experimental conditions (Figs 3B, 4B) . It follows that the length increase of the excised 3-d-old rye coleoptiles (Figs 3A, 4A) represents a continuation of the endogenous growth that occurred prior to cutting (in situ). Figure 3A shows that an irreversible and a reversible extensibility (E pb E cl ) can be obtained when growing (turgid) 3-d-old rye coleoptile segments are stretched (+ load, L) and subsequently unloaded (-L). A weight of 5 g (corresponding to a force of 0.049 N) was applied in these experiments. In 6-d-old etiolated coleoptiles in vivo cell-wall plasticity (E pi ) was almost zero. However, E cl was largely unaffected by the endogenous cessation of cell enlargement in darkness. In addition, the experiments of Fig. 3 demonstrate that the organ segment (i.e. the 10 mm region between the clamps) was stretched by less than 200 ^m (<2%) during in v/vo-extensibility measurements. Does this artificial deformation of the living organ segment impair the growth of the cells? To answer this question, the experiments shown in Fig. 4 were carried out. Living segments were placed between the clamps of the extensiometer and a weight of 5 g was applied as in Fig. 3 . After 1 min the load was removed and, after another min, applied again. This sequence (+L/-L) was repeated six times. Figure 4A shows that, after an initial plastic deformation of about 80 nm (0.8% of initial segment length), the organ continued to grow at the same rate (K,) as the control {V 2 : rate of extension without application of a weight). This result demonstrates that the growth process of the cells is not significantly impaired during determination of in vivo cell-wall extensibility. It should be noted that plastic extension only occurred upon the first application of a force and not after the subsequent applications. Moreover, the applied force, which will increase the longitudinal wall stress for half of the 12 min, did not increase the rate of wall extension. Hence, coleoptile growth is not accelerated by an artificial increase in wall stress, which is the counterforce to turgor pressure (Cosgrove, 1993) . The corresponding experiment with non-growing (6-d-old) coleoptiles is shown in Fig. 4B .
Changes in cell-wall extensibility and turgor pressure
The time-course of growth (increase in length of the entire coleoptiles) and the corresponding changes in E ci and E p i, determined in the subapical region of the organ as illustrated in Fig. 3 , is shown in Fig. 5A -C. In darkness, coleoptile elongation decreased with time, owing to the emergence of the primary leaf. Between days 6 and 7 after sowing no significant length increase was detected; i.e. the cells had reached their final size (Frohlich et ai, 1994) . Upon irradiation with WL the primary leaf emerged within 12 h ( Fig. 2A, B ), leading to a complete cessation of coleoptile elongation (Fig. 5A) . Figure 5C shows that in 3-d-old etiolated coleoptiles an average cellwall plasticity (E pX ) of 100 ^m 5g~' 6 min" 1 was measured. In 6-and 7-d-old coleoptiles E p] was about 5 ^m 5g~' 6 min"
1 . Hence, cessation of coleoptile elongation was accompanied by a 95% decrease in cell-wall plasticity. After irradiation with WL a rapid decline in E pX was observed. Cell-wall elasticity (E el ), on the other hand, decreased only slightly as the coleoptile ceased to elongate (Fig.5B) .
The average cell turgor in the mesophyll of 3-d-old etiolated rye coleoptiles was 0.59 + 0.01 MPa (« = 30). In the subapical region of 6-d-old dark-grown and irradiated coleoptiles mean turgor pressures of 0.52 ±0.02 MPa and 0.51 ±0.02 MPa (« = 30), respectively, were measured. Hence, cessation of cell elongation in darkness and in WL was associated with a slight (13%) decrease in turgor pressure.
Load-extension curves measured with living segments
In order to determine whether the lateral, extensionlimiting cell walls of the etiolated rye coleoptile behaves like a plastic-elastic or like a visco-elastic material the experiments shown in Fig. 6A segment of a 3-d-old coleoptile was placed between the clamps of the extensiometer and water was added (Fig. 6A) . After 1 min, the growing organ was stepwise loaded by application of a weight of 2, 4, 6, 8, and 10 g (+L,_ 5 ). After 5 min the weights were removed in the reverse order (-L 5 _!). The extension kinetic shows that part of the deformation was irreversible (plastic). The corresponding experiment with 6-d-old coleoptile segments is shown Ln Fig. 6B . After stepwise loading (+Li _ 5 ) and subsequent unloading (-L 5 _!) the segment returns largely to its initial length, i.e. the extension is almost entirely reversible (elastic).
Ten independent extension kinetics such as those shown in Fig. 6A , B were used for the determination of the stress-strain (load-extension) curves of Fig. 9A . In 3-dold coleoptiles 58% of the strain is not recovered after the applied stress is entirely removed (plastic extension). About 42% of the strain is recovered upon unloading of the organ segment (elastic extension). Hence, the growing rye coleoptile behaves like an elastic-plastic material (Fig. 1C) . In 6-d-old coleoptiles the amount of strain (extension) was almost 70% lower than in the 3-d-old organ, although the same stress (load) was applied. After removal of the load the coleoptile segment returns largely to its initial length, i.e. only a very minor irreversible (plastic) extension can be observed. This result demonstrates that the non-growing coleoptile behaves like an elastic material (Fig. 1A) .
Load-extension curves measured with frozen-thawed segments
The results described above were obtained with metabolically active, turgid coleoptile segments. Hence, the growth-controlling cell walls were under tension during stretching of the organ. It was important to determine whether the stress-stain behaviour of the turgid coleoptile (Fig. 9A) can also be observed after the turgor pressure had been removed. Accordingly, the experiments shown in Figs 7 and 8 were carried out with frozen-thawed segments (in vitro). In the first step it was necessary to investigate whether the two components of in v/vo-extensibility (E cl , E pl ) shown in Fig. 3 can also be obtained with killed coleoptiles (isolated walls). Frozen-thawed segments were placed between the clamps and water was added (pH~5.5). Without application of any weight the length of the isolated cell wall decreased slightly but continuously (rate: about 1-2%h~'). In order to compensate for this shrinkage a weight of 0.2 g was applied.
Under these conditions the length of the frozen-thawed segment remained constant, i.e. neither shrinkage nor extension was observed (Fig. 7A, B: dashed lines) . After application and removal of a load of 5 g E cl and E pi can be obtained with 3-d-old coleoptiles (Fig. 7A) . In 6-d-old frozen-thawed coleoptiles (Fig. 7B ) both parameters were much lower than in the growing organ. However, it is apparent that £ pl almost entirely disappeared after cessation of growth, whereas E ci was still detectable.
A representative experiment in which a frozen-thawed 3-d-old coleoptile segment was stepwise loaded (-I-L^;) and unloaded (-L 5 _!) is shown in Fig. 8A . The corresponding extension kinetic of a 6-d-old coleoptile is shown in Fig. 8B . On the basis of these data the stress-strain curves depicted in Fig. 9B were obtained. A comparison with the corresponding in vivo experiment (Fig. 9A ) reveals that the amount of extension in vitro was 2-4-fold larger. Moreover, the shape of the stress-strain curves was different. However, the in vitro experiment yielded the same general result as the corresponding analysis with the living segments. The isolated walls of 3-d-old coleoptiles behave like an elastic-plastic material (Fig. 1C) , i.e. on removal of the load about 70% of the extension was reversible and 30% was irreversible. The walls of 6-d-old coleoptiles had entirely lost their ability for irreversible extension. Hence, they behave like an elastic material (Fig. 1A) . Cleland (1981) proposed that it should be possible to determine cell-wall extensibility by applying a constant stress to living stem segments that are fully turgid. Experiments with maize coleoptiles have shown that this 'constant stress (or applied force) technique' is in fact suitable for determination of the extensibility of the walls of turgid, metabolically active cells (Kutschera and Schopfer, 1986a, b) . In the present investigation rye seedlings were used in order to determine whether endogenous cessation of coleoptile elongation after emergence of the primary leaf (Fig. 2 ) is due to a loss of turgor pressure or cell-wall extensibility. Coleoptile segments cut from the subapical region of 3-d-old rye seedlings continue to elongate after fixation between the clamps of the extensiometer and addition of distilled water. The results of Fig. 4A demonstrate that one can stretch the living organ by 1-2% and, after removal of the load, observe an irreversible extension ( = growth) that is not significantly different from that of the untreated control. This indicates that the living cell walls are characterized by a 'growth potential' that can be transformed into an irreversible increase in wall surface area. This ability to become irreversibly extended is continuously regenerated during growth. Hence, the constant-stress method (Fig. 3A, B) , applied to living, turgid segments (in vivo extensibility), provides a relative measure for the yielding properties of the cell walls that exist at the moment of tissue stretching.
Discussion
The results (Fig. 5) show that cessation of coleoptile elongation in darkness is correlated with a gradual decline in £ p i. This loss of apparent cell wall plasticity is accelerated by WL. The elastic component of in vivo extensibility (E c i) shows only a small decrease. Since turgor pressure is largely maintained it follows that cessation of cell elongation may be due to a mechanical stiffening of the growth-limiting lateral cell walls of the coleoptile. Experiments with wheat roots yielded similar results. Pritchard et al. (1988) observed that excision of the apical 10 mm of the root reduced the growth rate of the organ fragment by >90% compared with that of the control (in situ). Cell-wall plasticity of the excised root sections was 64% lower than in the intact organ. However, turgor pressure, as measured with the pressure probe in the cortical cells 4 mm from the root tips, dropped only by 10%. These data indicate that cessation of root elongation as a result of excision is largely attributable to a hardening of the cell walls (Pritchard et al., 1988; Tomos and Pritchard, 1994) . Does the parameter E pl represent a true plastic deformation of the wall? The stress-strain curves shown in Fig. 9 indicate that this is in fact the case. A comparison between Figs 1C and 9A reveals that the living, growing cell wall of the rye coleoptile behaves like an elastic-plastic material. The non-growing (turgid) coleoptile, on the other hand, largely displays the stress-stain behaviour of an elastic solid (Fig. 1A) . Hence, the in vivo extensibility measurements reported here indicate that cessation of coleoptile elongation after emergence of the primary leaf is caused by a loss of cell-wall plasticity. This conclusion is supported by the fact that turgor pressure, as measured with the pressure probe, shows only a small decrease between days 3 and 6 after sowing. In coleoptiles that had ceased to elongate turgor pressures of >0.5MPa were measured. These values are much larger than the yield threshold for growth, which is in the range 0.13-0.30 MPa, depending on species (Cosgrove, 1987) . It should be noted that the growth-effective turgor (i.e. the difference between turgor pressure and the yield threshold) has not been measured in rye coleoptiles. Okamoto et al. (1989) have shown that in some plant species the yield threshold for growth is only sligthly lower than turgor pressure. Hence, it can not be excluded that a decrease in growth-effective turgor may in part be responsible for the cessation of growth after emergence of the primary leaf. The in vitro extensibility measurements depicted in Fig. 8A , B and the resulting stressstrain curves (Fig. 9B ) are in agreement with the corresponding data obtained with living segments. However, in frozen-thawed coleoptiles of 3-d-old seedlings the irreversible (plastic) component of total extension was smaller than that obtained with turgid specimens (30% versus 58%, respectively) (Fig. 9A, B) .
It is apparent from the initial extension curve (before load application) that the living segments are growing during the period of stretching (Fig. 6A) . Provided that the segment maintains steady growth throughout the experiment the amount of this irreversible length increase (approximately 100/xm per lOmin) should be subtracted from the total extension. This interpretation of the data indicates that plastic extension (in vivo) may be only about 100 ^m. Hence, it is as large as the elastic component of total extension. A comparison between Fig. 9B and Fig. 1C reveals that the frozen-thawed segments obtained from growing rye coleoptiles largely behave like an elasticplastic material. After emergence of the primary leaf the plastic component of in vitro extensibility is no longer detectable. The differences in the wall stresses in frozenthawed and living (turgid) segments should be taken into consideration. In frozen-thawed material a uniaxial stress is imposed on the lateral walls by application of an external load. In living coleoptiles the cells are turgid. This internal hydrostatic pressure exerts a considerable multiaxial stress on the cell wall (Carpita and Gibeaut, 1993) . It is obvious that this turgor-borne wall stress will take up part of the elastic extensibility of the walls. After addition of an external load an artificial uniaxial stress is superimposed on the existing wall stresses in living cells. This may be the reason for the fact that the stress-strain curves shown in Fig. 9A , B are different.
Recent experiments with frozen-thawed coleoptile segments from 4-d-old maize seedlings led to the conclusion that in this species E pl does not represent a plastic (irreversible) wall deformation (Hohl and Schopfer, 1992) . Load-extension curves indicated that upon complete unloading the killed segments reached their original length (before application of a force). Hence, the cell wall of the maize coleoptile may behave like a visco-elastic rather than an elastic-plastic material. The discrepancy between the data reported here (Figs 8, 9B ) and those of Schopfer (1992, 1995) may be attributable to the fact that the frozen-thawed rye coleoptile segments were pre-loaded ( + 0.2 g) in order to prevent the slight but continuous length decrease which occurs in the absence of any load. The extension kinetics of Hohl and Schopfer (1992) show that in the control (frozen-thawed, without weight) a steady shrinkage of the segments can be measured. This 'negative creep' was not compensated for by application of a small load and hence may in part be responsible for the apparent visco-elastic behaviour of the cell walls of the maize coleoptile.
In summary, the results of the present study indicate that a loss of cell-wall plasticity and not a decline in turgor pressure may be the process that leads to the cessation of cell enlargement in the developing rye coleoptile. The biochemical basis of this endogenously controlled cell-wall stiffening, which can be promoted by WL, is not known. The finding that at the expansionlimiting outer epidermal wall of growing rye coleoptiles electron-dense (osmiophilic) particles were observed which disappeared after the emergence of the primary leaf supports the idea that secretion of cell-wall protein (s) may be causally related to the wall-loosening process (Edelmann and Kutschera, 1993; FrShlich et al., 1994; Kutschera, 1994; Cosgrove and Li, 1993) . According to this hypothesis one would expect that cessation of protein secretion at the growth-controlling peripheral organ wall should lead to a concomitant loss in wall plasticity. However, other mechanisms of cell-wall stiffening, such as cross-linking reactions catalysed by peroxidase, can not be ruled out and should be analysed in the coleoptile of the developing rye seedlings (Fry, 1988; MacAdam et al., 1992) .
